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Description
Technical Field

[0001] The present disclosure relates to an exhaust
circulation apparatus for an internal combustion engine
that is capable of executing EGR (exhaust gas recircu-
lation) that recirculates a portion of exhaust gas to an
intake system.

Background Art

[0002] An exhaust circulation apparatus for an engine
with a supercharger that performs EGR that recirculates
a portion of exhaust gas to an intake system is already
known, as disclosed, for example, in Japanese Patent
Laid-Open No. 2003-129874. According to this appara-
tus, EGR is performed when performing stratified lean
combustion in which a gaseous mixture of fuel and air is
stratified and a comparatively dense gaseous mixture in
the vicinity of a spark plug is ignited, and a flame is prop-
agated to a lean gaseous mixture inside the combustion
chambers by a fire source that was ignited. Since it is
thereby possible to reduce the combustion temperature,
the amount of discharged NOx is suppressed.

Citation List
Patent Literature
[0003]

Patent Literature 1: Japanese Patent Laid-Open No.
2003-129874
Patent Literature 2: Japanese Patent Laid-Open No.
2005-214063

Summary of Disclosure
Technical Problem

[0004] However, there is a limit to the degree to which
the amount of discharged NOx can be suppressed by
stratified lean combustion. Figure 16 is a view which com-
pares changes in the amount of discharged NOx relative
to an air-fuel ratio A/F by combustion form. As shown in
Figure 16, with stratified combustion, although the
amount of discharged NOx decreases as the air-fuel ratio
becomes leaner in a lean-burn region, the extent of the
decrease is not particularly large. This is because, with
stratified combustion, the temperature around a spark
plug is always high, even when performing lean-burn op-
eration. Consequently, although EGR is generally per-
formed with stratified lean combustion, a certain amount
of NOx discharge is nevertheless unavoidable.

[0005] Therefore, one technology that has been the
focus of attention in recent years is homogeneous com-
bustion that causes a gaseous mixture of fuel and air to
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combust after being evenly mixed inside a cylinder. As
shown in Figure 16, according to homogeneous combus-
tion it is possible to suppress a NOx discharge amount
in a lean-burn region compared to the case of stratified
combustion. This is because, in a lean-burn region, the
overall temperature in a combustion chamber decreases
as the air-fuel ratio becomes leaner. However, a problem
with homogeneous lean combustion concerns the nar-
rowness of the operating region thereof. That is, in the
case of homogeneous lean combustion, the exhaust gas
temperature decreases since combustion is performed
with a large quantity of fresh gas. Accordingly, because
the bed temperature of an exhaust emission purifying
catalyst decreases at a time of light-load operation, ho-
mogeneous lean combustion cannot be performed. Fur-
ther, the efficiency decreases at a time of high-load op-
eration due to the occurrence of knocking. Thus, in a
conventional engine that performs homogeneous com-
bustion, there is no other choice than to perform stoichi-
ometric combustion in an operating region in which ho-
mogeneous lean combustion cannot be executed, and
there has thus been a desire for further improvement
from the viewpoint of improving fuel consumption and
suppressing the amount of NOx discharge.

[0006] The present disclosure has been conceived to
solve the above described problem, and an object of the
present disclosure is to provide an exhaust circulation
apparatus for an internal combustion engine that, in an
internal combustion engine that performs homogeneous
combustion, canimprove fuel consumption and suppress
the amount of discharged NOx by expanding an operat-
ing region in which homogeneous lean combustion is
possible.

Means for solving the Problems

[0007] In accomplishing the above object, according
to a first teaching of the present disclosure, there is pro-
vided an exhaust circulation apparatus for an internal
combustion engine, comprising:

homogeneous lean combustion means for perform-
ing homogeneous lean combustion in a predeter-
mined lean-burn region;

stoichiometric combustion means for performing sto-
ichiometric combustion in which a combustion air-
fuel ratio of the internal combustion engine (10) is a
theoretical air-fuel ratio in a stoichiometric burn re-
gion that is a region on a high-load side relative to
the lean-burn region;

an EGR apparatus for performing EGR that recircu-
lates a portion of gas that flows through an exhaust
systemofthe internal combustion engine to anintake
system; and

control means for controlling the EGR apparatus
based on an operating condition of the internal com-
bustion engine, wherein

the internal combustion engine comprises a turbo-
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supercharger having a turbine that is disposed in an
exhaust passage and a compressor that is disposed
in an intake passage;

the EGR apparatus includes a low-pressure loop
EGR apparatus that recirculates gas that flows
through the exhaust passage on a downstream side
of the turbine to the intake passage at a position on
an upstream side of the compressor;

the EGR apparatus further includes a high-pressure
loop EGR apparatus that recirculates gas that flows
through the exhaust passage (30) on an upstream
side of the turbine (22b) to the intake passage (12)
ataposition on adownstream side of the compressor
(22a);

wherein, when performing the homogeneous lean
combustion, the control means controls the EGR ap-
paratus to perform EGR; and

when performing the stoichiometric combustion, the
control means (60) controls both of the high-pressure
loop EGR apparatus and the low-pressure loop EGR
apparatus to perform EGR.

[0008] According to a second teaching of the present
disclosure, there is provided the exhaust circulation ap-
paratus for an internal combustion engine as described
in the first teaching, wherein

the EGR apparatus comprises means for adjusting an
EGR rate that represents a ratio of a gas amount that is
recirculated by EGR with respect to a total gas amount
that is taken into the internal combustion engine;

the homogeneous lean combustion means performs ho-
mogeneous lean combustion so that an air-fuel ratio that
represents a ratio of a fresh gas amount that is taken in
with respect to an in-cylinder fuel amount of the internal
combustion engine is 22; and

the control means controls the EGR apparatus so that
the EGR rate during the homogeneous lean combustion
is between 10% and 20%.

[0009] According to a third teaching of the present dis-
closure, there is provided the exhaust circulation appa-
ratus for an internal combustion engine as described in
the first teaching, wherein

the EGR apparatus includes means for adjusting an EGR
rate that represents a ratio of a gas amount that is recir-
culated by EGR with respect to a total gas amount that
is taken into the internal combustion engine; and

when performing the stoichiometric combustion, the con-
trol means controls the low-pressure loop EGR appara-
tus and the high-pressure loop EGR apparatus so that
an EGR rate generated by the low-pressure loop EGR
apparatus is 15% and an EGR rate generated by the
high-pressure loop EGR apparatus is 10%.

Advantageous Effects of Disclosure
[0010] Inthefirstteaching ofthe disclosure, since EGR

is performed during homogeneous lean combustion,
knocking on a high-load side that is a problem at a time
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of homogeneous lean combustion can be effectively sup-
pressed. Further, CO and HC included in EGR gas con-
tribute to an oxidation reaction in the catalyst. Conse-
quently, it is possible to effectively suppress a decrease
in the bed temperature of the catalyst on a low-load side
that is a problem at a time of homogeneous lean com-
bustion. Therefore, according to the present disclosure,
it is possible to effectively expand a lean-burn region in
which homogeneous lean combustion is possible, and
thereby improve fuel consumption.

[0011] Further, in the first teaching of the disclosure
EGRis executed by a low-pressure loop EGR apparatus
during homogeneous lean combustion. The EGR exe-
cuted by the low-pressure loop EGR apparatus is stable
with respect to the rotational load of the internal combus-
tion engine. Therefore, according to the present disclo-
sure, since stable EGR can be realized at a time of a
transient operation of the internal combustion engine al-
so, misfiring and the like can be prevented.

[0012] Inaddition, inthe firstteaching of the disclosure,
when performing stoichiometric combustion in a stoichi-
ometric burn region that is on a high-load side relative to
a lean-burn region, EGR is performed using both of a
low-pressure loop EGR apparatus and a high-pressure
loop EGR apparatus. In each of these EGR apparatuses,
there is a limit to an EGR amount that can be introduced
while avoiding the occurrence of misfiring. According to
the present disclosure, since a large amount of EGR gas
can be introduced during stoichiometric combustion un-
der a high load by using these EGR apparatuses in com-
bination, the amount of NOx that is discharged can be
suppressed while securing the torque at the time of a
high load.

[0013] In the second teaching of the disclosure, when
performing EGR during homogeneous lean combustion,
the air-fuel ratio is controlled to 22 and the EGR rate is
controlled to between 10% and 20%. Although the fuel
consumption decreases as the EGR rate increases, the
operating region in which homogeneous lean combus-
tion can be executed expands. Therefore, according to
the present disclosure, the fuel consumption is improved
to the maximum by controlling the air-fuel ratio to be a
value of 22 and controlling the EGR rate to be a value
between 10% and 20% during homogeneous lean com-
bustion.

[0014] Inthe third teaching of the disclosure, when per-
forming an EGR operation during stoichiometric combus-
tion, the EGR rate of the low-pressure loop EGR appa-
ratus is controlled to 15% and the EGR rate of the high-
pressure loop EGR apparatus is controlled to 10%. If the
EGR rate exceeds 25%, the turbulent burning velocity
becomes 0 and the propagation of a flame no longer oc-
curs. If an EGR rate of 25% is realized with only one of
the EGR apparatuses, a deceleration misfire at a time of
transition as well as a deterioration in responsiveness
and the like become a problem. Therefore, according to
the present disclosure, by realizing an EGR rate of 25%
by combined use of a high-pressure loop EGR apparatus
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and a low-pressure loop EGR apparatus during stoichi-
ometric combustion, a discharge amount of NOx can be
suppressed to a maximum while suppressing the occur-
rence of a deceleration misfire at a time of transition as
well as a deterioration in responsiveness.

Particular aspects of the invention are set out in the ap-
pended claims.

Brief Description of the Drawings
[0015]

Figure 1is a view illustrating a schematic configura-
tion of a system in which an internal combustion en-
gine to which a control apparatus is applied as Em-
bodiment 1 of the present invention is mounted.
Figure 2 is a view that illustrates the engine thermal
efficiency with respect to the intake pressure.
Figure 3 is a view that illustrates the engine thermal
efficiency with respect to a gas-fuel ratio G/F for re-
spective EGR rates.

Figure 4 is a multiple view drawing illustrating (A) a
NOx discharge amount, (B) a CO discharge amount,
(C) a THC discharge amount, and (D) an S/C bed
temperature with respect to a gas-fuel ratio G/F, re-
spectively.

Figure 5 is a multiple view drawing illustrating (A)
heat efficiency, (B) a NOx discharge amount, and
(C) changes in an S/C temperature rise with respect
to an intake pressure, respectively, for cases in
which EGR is performed and not performed, respec-
tively, during homogeneous lean combustion.
Figure 6 is a view illustrating S/C bed temperatures
with respect to NOx discharge amounts for a case
in which EGR is performed and a case in which EGR
is not performed, respectively, during homogeneous
lean combustion.

Figure 7 is a view illustrating a lean burn operating
region during homogeneous combustion.

Figure 8 is a view thatillustrates the relation between
a NOx discharge amount and the A/F at respective
EGR rates.

Figure 9 is a multiple view drawing illustrating, with
respect to an EGR rate, (A) an A/F at which a NOx
discharge amount becomes a predetermined target
amount, (B) the effect on fuel consumption produced
by lean combustion, (C) the degree of deterioration
in fuel consumption resulting from a decrease in the
region of lean burn operation, and (D) an overall fuel
consumption effect, respectively.

Figure 10 is a multiple view drawing illustrating, with
respect to the EGR rate, (A) an A/F at which a NOx
discharge amount becomes a predetermined target
amount, (B) the effect on fuel consumption produced
by lean combustion, (C) the effect on fuel consump-
tion produced by improvement of knocking, and (D)
an overall fuel consumption effect, respectively.
Figure 11 is a view that illustrates operating regions
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during homogeneous combustion.

Figure 12is a timing chart in a case in which an EGR
rate of 25% was attained with HPL-EGR.

Figure 13 is a timing chart in a case in which an EGR
rate of 25% was attained with LPL-EGR.

Figure 14 is a timing chart in the case of combining
use of LPL-EGR with an EGR rate of 15% and HPL-
EGR with an EGR rate of 10%.

Figure 15 is a view that illustrates the configuration
for the LPL-EGR in detail.

Figure 16 is a view which compares changes in the
amount of discharged NOx relative to an air-fuel ratio
A/F by combustion form.

Mode for Carrying Out the Invention

[0016] Hereunder, embodiments of the present inven-
tion are described based on the attached drawings. Note
that elements that are common to the respective draw-
ings are denoted by the same reference symbols, and a
duplicate description thereof is omitted. Further, the
present invention is not limited by the following embodi-
ments.

Embodiment 1
[Configuration of Embodiment 1]

[0017] Figure 1 is a view illustrating a schematic con-
figuration of a system in which an internal combustion
engine (hereunder, referred to as simply "engine") to
which a control apparatus is applied as Embodiment 1
of the present invention is mounted. An engine 10 shown
in Figure 1 is a spark ignition four-stroke reciprocating
engine, and is configured to be capable of lean burn op-
eration using homogeneous combustion. The engine 10
has a configuration that includes an intake system for
supplying air into a combustion chamber of each cylinder,
an exhaust system for discharging exhaust gas, an EGR
system for recirculating a part of the exhaust gas of the
exhaust system to the intake system, and a control sys-
tem for controlling operations of the engine 10. Hereun-
der, the configuration of each of these systems is de-
scribed in detail.

[0018] The intake system of the engine 10 includes an
intake passage 12. An air cleaner 14 is installed on the
entrance side of the intake passage 12. An air flow meter
16 that outputs a signal that is in accordance with a flow
rate of air that is drawn into the intake passage 12 is
installed on a downstream side of the air cleaner 14 in
the intake passage 12. An outlet side of the intake pas-
sage 12 is connected to a combustion chamber of each
cylinder through a surge tank 18 and an intake manifold
20.

[0019] A compressor 22a of a turbo-supercharger 22
is arranged on a downstream side of the air flow meter
16 in the intake passage 12. An intercooler 24 for cooling
intake air that was compressed by the compressor 22a
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is arranged in the intake passage 12 on a downstream
side of the compressor 22a. A throttle valve 26 for ad-
justing the amount of air that is supplied into the engine
10 is arranged in the intake passage on a downstream
side of the intercooler 24.

[0020] The exhaust system of the engine 10 includes
an exhaust passage 30. One end side of the exhaust
passage 30 is connected to the combustion chamber of
each cylinder through the exhaust manifold 28. A turbine
22b of the turbo-supercharger 22 is arranged partway
along the exhaust passage 30. A start catalyst (hereun-
der referred to as "S/C") 32 and a lean NOx catalyst 34
are arranged in that order in the exhaust passage 30 on
the downstream side of the turbine 22b. The S/C 32is a
so-called three-way catalyst, and efficiently purifies the
three components HC, CO, and NOx that are included
in exhaust gas in the vicinity of the theoretical air-fuel
ratio. On the other hand, the lean NOx catalyst 34 is a
so-called storage-reduction type NOx catalyst, and has
a storing/releasing action whereby the lean NOx catalyst
34 stores NOx when the air-fuel ratio of exhaust gas is
in a predetermined lean region and releases NOx when
the air-fuel ratio is in a rich region. A NOx sensor 36 for
detecting a NOx concentrationin exhaustgas is arranged
in the exhaust passage 30 between the S/C 32 and the
lean NOx catalyst 34.

[0021] The EGR system of the engine 10 includes a
low-pressure loop EGR passage (LPL-EGR passage)
38. One end of the LPL-EGR passage 38 is connected
to the exhaust passage 30 between the S/C 32 and the
lean NOx catalyst 34, and the other end is connected to
the intake passage 12 between the air flow meter 16 and
the compressor 22a. An LPL-EGR valve 40 for opening
and closing the passage 38 is provided partway along
the LPL-EGR passage 38.

[0022] The EGR system ofthe engine 10 also includes
a high-pressure loop EGR passage (HPL-EGR passage)
42. One end of the HPL-EGR passage 42 is connected
to the exhaust passage 30 on the upstream side of the
turbine 22b, and the other end is connected to the intake
manifold 20 through an EGR delivery 44. A HPL-EGR
valve 46 for opening and closing the passage 42, an EGR
cooler 48 for cooling EGR gas, and an EGR catalyst 50
for purifying unburned HC or particulate matter contained
in the EGR gas are provided in that order from the EGR
delivery 44 partway along the HPL-EGR passage 42.
[0023] The engine 10 of the present embodiment in-
cludes an ECU (electronic control unit) 60 as the control
system thereof. The aforementioned LPL-EGR valve 40,
HPL-EGR valve 46, and throttle valve 26 as well as var-
ious actuators such as a spark plug (not illustrated in the
drawings) are connected to an output side of the ECU
60. In addition to the aforementioned air flow meter 16
and NOx sensor 36, various sensors such as a crank
angle sensor (notillustrated in the drawings) that outputs
a signal in accordance with a rotational angle of a crank-
shaft (notillustrated in the drawings), and an air-fuel ratio
sensor (not illustrated in the drawings) are connected to
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an input side of the ECU 60. The ECU 60 is configured
to cause the various actuators included in the engine to
operate in accordance with a predetermined control pro-
gram based on the outputs of the respective sensors that
the engine includes.

[Operations of Embodiment 1]

[0024] Next, operations of the system of Embodiment
1 will be described with reference to the drawings. As
described above, the engine 10 of the present embodi-
ment is configured so as to enable lean burn operation
using homogeneous combustion. Therefore, for in-
stance, in the example illustrated in Figure 16, by per-
forming homogeneous lean combustion in which the air-
fuel ratio A/F is made a ratio between 26 and 28, a NOx
discharge amount can be suppressed more than in the
case of stratified lean combustion accompanied by EGR.
[0025] However, as described above, a problem with
homogeneous lean combustion is the narrowness of the
operating region thereof. Thatis, although homogeneous
lean combustion can suppress a NOx discharge amount,
there is a concern that the temperature of exhaust gas
will decrease more than necessary in a light-load oper-
ating region. In such an operating region, since a de-
crease inthe NOXx purification performance thatis caused
by a drop in the bed temperature of the S/C 32 is a prob-
lem, it is required to perform a stoichiometric burn oper-
ation. Further, since the resistance of homogeneous lean
combustion to knocking is low, it is required to perform
stoichiometric burn operation when operating in a high-
load operating region. Thus, in an engine that performs
homogeneous combustion, the degree to which the lean
burn operating region can be expanded significantly in-
fluences the extent to which fuel consumption is im-
proved and a NOx discharge amount is suppressed.
[0026] Therefore, according to the system of the
present embodiment, EGR is performed at a time of ho-
mogeneous lean combustion of the engine 10. Figure 2
is a view that illustrates the engine thermal efficiency with
respect to the intake pressure. As illustrated in Figure 2,
it is found that when EGR is performed during homoge-
neous lean combustion, the engine thermal efficiency in
a high-load operating region increases in comparison to
when EGR is not performed. This is because CO, in the
EGR gas acts as an inactive gas, and generation of
knocking is suppressed in the high-load operating region.
[0027] Figure 3isaview thatillustrates the engine ther-
mal efficiency with respect to a gas-fuel ratio G/F for re-
spective EGR rates. Note that the gas-fuel ratio G/F can
be expressed by the following equation (1).

G/F = (Gat+Gegr)/Gf

= A/F x (1/(1-EGR/100)) ... (1)
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[0028] In the above equation (1), A/F represents an
air-fuel ratio, that is, a ratio between fresh gas and a fuel
amount, and EGR represents an EGR rate [%]. Further,
Garepresents a fresh gas amount [g/s], Gegr represents
an EGR gas amount [g/s], and Gf represents a fuel con-
sumption amount [g/s].

[0029] As shownin Figure 3, itis found that the engine
thermal efficiency is higher in a case where EGR is per-
formed than in a case where EGRis not performed (case
where the EGR rate is 0%). In particular, it is found that
in a lean-burn region in which the G/F is between 26 and
28, the engine thermal efficiency reaches a highest value
whenthe EGRrateis 15%. Thus, according to the system
of the present embodiment, by performing EGR during
homogeneous combustion, it is possible to effectively ex-
pand the lean-burn region to the high-load side.

[0030] Figure 4 is a multiple view drawing illustrating
(A) aNOxdischarge amount, (B) aCO discharge amount,
(C) a THC discharge amount, and (D) an S/C bed tem-
perature with respect to a gas-fuel ratio G/F, respectively.
As shown in (A) to (C) in Figure 4, when NOx discharge
amounts at an equal G/F during homogeneous combus-
tion are compared, it is found that in comparison to when
EGR is not performed, the NOx discharge amountis less
when EGR is performed and, conversely, the discharge
amounts of CO and HC increase. CO and HC are sup-
plied to an oxidation reaction inside the S/C 32. Conse-
quently, as shown in (D) in Figure 4, when EGR is per-
formed during homogeneous combustion, it is possible
to effectively suppress adecrease in the bed temperature
of the S/C 32 in a lean burn operating region.

[0031] Figure 5 is a multiple view drawing illustrating
(A) heat efficiency, (B) a NOx discharge amount, and (C)
changes in an S/C temperature rise with respect to an
intake pressure, respectively, for cases in which EGR is
performed and not performed, respectively, during ho-
mogeneous lean combustion. As shown in (C) in Figure
4, in a case where EGR is not performed during homo-
geneous lean combustion, in a light-load region, lean
burn operation cannot be performed because the bed
temperature of the S/C 32 does not reach a predeter-
mined target bed temperature. In this respect, when EGR
is performed during homogeneous lean combustion,
since the bed temperature of the S/C 32 can be effectively
increased in a light-load region, itis possible to effectively
expand aregioninwhich alean burn operationis possible
to the low-load side.

[0032] Figure 6 is a view illustrating S/C bed temper-
atures with respect to NOx discharge amounts for a case
in which EGR is performed and a case in which EGR is
not performed, respectively, during homogeneous lean
combustion. As illustrated in Figure 6, it is found that
when EGR is performed during homogeneous lean com-
bustion, the efficiency of the bed temperature of the S/C
32 with respect to the discharged amount of NOx is fa-
vorable. Accordingly, performing EGR during homoge-
neous lean combustion makes it possible to attain a high
degree of compatibility between suppressing the amount
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of discharged NOx and improving the fuel consumption
by expanding the lean burn operating region.

[0033] As described above, when EGR is performed
during homogeneous lean combustion, an operating re-
gion in which a lean burn operation is possible can be
effectively expanded. Figure 7 is a view illustrating a lean
burn operating region during homogeneous combustion.
As shown in Figure 7, when EGR is performed during
homogeneous combustion, the lean burn operation can
be expanded to the high-load side and the low-load side.
Thus, when performing homogeneous lean combustion,
it is possible to attain a high degree of compatibility be-
tween suppressing the amount of discharged NOx and
improving the fuel consumption by expanding the lean
burn operating region.

[0034] The inventors of the present application con-
ducted extensive studies regarding air-fuel ratios and
EGR rates during homogeneous lean combustion, and
as a result discovered a combination of an air-fuel ratio
and an EGR rate that is favorable from the viewpoint of
suppressing the amount of discharged NOx and improv-
ing fuel consumption. Specifically, the inventors of the
present application found that fuel consumption reaches
a maximum while suppressing the amount of discharged
NOx when the EGR rate is between 10% and 20% (pref-
erably 15%) and the A/F is 22. Hereunder, the basis for
this finding is described from the viewpoint of the S/C
bed temperature and the viewpoint of knocking, respec-
tively.

[0035] First, the effect on fuel consumption when EGR
is performed during homogeneous lean combustion is
considered from the viewpoint of the S/C bed tempera-
ture. Figure 8 is a view thatillustrates the relation between
a NOx discharge amount and the A/F at respective EGR
rates. As shown in Figure 8, the A/F for satisfying a target
value (for example, 1g/kWh) with respect to the NOx dis-
charge amount varies according to the EGR rate.
[0036] Figure 9 is a multiple view drawing illustrating,
with respect to an EGR rate, (A) an A/F at which a NOx
discharge amount becomes a predetermined target
amount, (B) the effect on fuel consumption produced by
lean combustion, (C) the degree of deterioration in fuel
consumption resulting from a decrease in the region of
lean burn operation, and (D) an overall fuel consumption
effect, respectively. First, the relation shown in (A) in Fig-
ure 9 is a relation that is derived from the relation shown
inthe above described Figure 8. As shownin (A) in Figure
9, an A/F in a case where the NOx discharge amount
satisfies a target amount is an air-fuel ratio that moves
to the rich side as the EGR rate increases. In this case,
as shownin (B) in Figure 9, the effect on fuel consumption
that is produced by lean combustion in a case where the
NOx discharge amount satisfies a target amount increas-
es as the EGR rate decreases. This is because better
fuel consumption is obtained in the case of normal lean
combustion thanin the case of combustion accompanied
by EGR gas. Therefore, from the viewpoint of engine
combustion, a low EGR rate is preferable in terms of im-
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proving the fuel consumption.

[0037] On the other hand, as shown in (C) in Figure 9,
in a case where the NOx discharge amount satisfies a
target amount, the degree of deterioration in the fuel con-
sumption that results from a decrease in the region of
lean burn operation changes in the direction of improve-
ment as the EGR rate increases. This is because, the
higher that the EGR rate is, the greater the degree to
which a decrease in the bed temperature of the S/C 32
can be suppressed, and hence an operating region on
the light-load side of the lean burn operation can be ex-
panded. Therefore, from the viewpoint of the limitation
of the operating region on the light-load side, increasing
the EGR rate is preferable with regard to improving the
fuel consumption.

[0038] InFigure 9, (D)is a view that takes into account
the overall influences on fuel consumption shown in (B)
and (C) in the drawing. As shown in (D) in Figure 9, it is
found that the effect on fuel consumption is high when
the EGR rate is between 10% and 20% (particularly,
15%) and the A/F is around 22.

[0039] Next, the effect on fuel consumption when EGR
is performed during homogeneous lean combustion will
be considered from the viewpoint of knocking. Figure 10
is a multiple view drawing illustrating, with respect to the
EGR rate, (A) an A/F at which a NOx discharge amount
becomes a predetermined target amount, (B) the effect
on fuel consumption produced by lean combustion, (C)
the effect on fuel consumption produced by improvement
of knocking, and (D) an overall fuel consumption effect,
respectively.

[0040] The relations shown in (A) and (B) in Figure 10
are the same as the relations shown in (A) and (B) in
Figure 9. As shown in (C) in Figure 10, the effect on fuel
consumption produced by improvement of knocking in a
case where the NOx discharge amount satisfies the tar-
get amount changes in the direction of fuel consumption
improvement as the EGRrate increases. This is because
the proportion of CO, inside the combustion chambers
increases relatively as the EGR rate increases, and re-
sistance to knocking increases. Therefore, from the view-
point of knocking, increasing the EGR rate is preferable
with regard to improving the fuel consumption.

[0041] InFigure 10, (D)isaview thattakesintoaccount
the overall influences on fuel consumption shown in (B)
and (C) in the drawing. As shown in (D) in Figure 10, it
is found that a fuel consumption effect is high when the
EGR rate is between 10% and 20% (particularly, 15%)
and the A/F is around 22.

[0042] Accordingly, when performing homogeneous
lean combustion in the engine 10, by operating so that
the EGR rate is between 10% and 20% (more preferably,
the EGR rate is 15%) and the A/F is 22, fuel consumption
can be improved to the maximum while suppressing the
NOx discharge amount to a target amount.

[0043] Next, EGR operations in the system of the
present embodiment will be described. Although the sys-
tem of the present embodiment is configured to be ca-
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pable of performing LPL-EGR through the LPL-EGR pas-
sage 38 and HPL-EGR through the HPL-EGR passage
42, LPL-EGR has a characteristic that, in comparison to
HPL-EGR, the introduced amount of EGR gas does not
easily change with respect to the rotational load of the
engine 10. Further, at a time of lean combustion, rich
spike control is executed at a predetermined timing. Con-
sequently, stable HPL-EGR cannot be performed in the
period when the exhaust gas pressure is disturbed by
rich spike control.

[0044] Therefore, according to the present embodi-
ment a configuration is adopted in which EGR gas is in-
troduced by LPL-EGR at a time of homogeneous lean
combustion. Since it is thereby possible to stably realize
a desired EGR rate (for example, 15%), it is possible to
reliably suppress the amount of discharged NOx and im-
prove the fuel consumption.

[0045] In this connection, although in the above de-
scribed embodiment there is no particular description re-
garding a warm-up condition of the engine 10 as a con-
dition for EGR at a time of homogeneous lean combus-
tion, EGR cannot be performed during warm-up when
the water temperature is low. This is because condensed
water is generated from EGR gas (exhaust gas) before
the engine is warmed up, and there is a possibility of the
condensed water damaging the compressor 22a and the
like. Therefore, in the present embodiment, as a state in
which a hazard caused by condensed water is avoided,
for example, a fact that the water temperature has
reached a temperature of 70°C or more may be taken as
a condition for EGR at a time of homogeneous lean com-
bustion. It is thereby possible to perform EGR while pro-
tecting the components of the engine 10.

[0046] Further, although in the above described em-
bodiment a configuration is adopted in which the air-fuel
ratio is 22 and the EGR rate is between 10% and 20%
during homogeneous lean combustion, the air-fuel ratio
and the EGR rate are not limited to these values. That
is, it is sufficient to appropriately set the optimum air-fuel
ratio and EGR rate based on the relation between the
effect on fuel consumption and the amount of discharged
NOX.

Embodiment 2
[Features of Embodiment 2]

[0047] Next, Embodiment 2 of the present invention
will be described referring to Figure 11 to Figure 14. In
the system of Embodiment 1 that is described above, by
performing EGR at the time of homogeneous lean com-
bustion, knocking is suppressed at a time of a high load
and a decrease in the bed temperature of the S/C 32 is
suppressed at a time of a low load. Since it is thereby
possible to expand an operating region in which lean burn
operation is possible to a high-load side and a low-load
side, respectively, fuel consumption can be improved
while suppressing the amount of discharged NOx.
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[0048] However, there is a limit to the extent to which
the operating region can be expanded. That s, as in the
presentembodiment, a high-load region that is produced
by high supercharging also exists with respect to engine
10 that includes the turbo-supercharger 22. From the
viewpoint of securing the torque, lean burn operation in
which there is a large amount of air is not suitable for
such an operating region. Therefore, in a high-load op-
erating region, stoichiometric burn operation that controls
the air-fuel ratio in the vicinity of the theoretical air-fuel
ratio is performed. However, as illustrated in the above
described Figure 16, the amount of NOx that is dis-
charged increases when performing stoichiometric burn
operation during homogeneous combustion.

[0049] Therefore, according to the present embodi-
ment, a configuration is adopted in which EGR is per-
formed in a high-load, stoichiometric burn operating re-
gion. Figure 11 is aview thatillustrates operating regions
during homogeneous combustion. As shown in Figure
11, homogeneous stoichiometric combustion accompa-
nied by EGR is performed in a predetermined high-load
region. Note that although a high EGR rate is preferable
from the viewpoint of suppressing the NOx discharge
amount, if the EGR rate is made 25% or greater, the
turbulent burning velocity will become 0 and flame prop-
agation will no longer occur, and hence it is preferable
to set the EGR rate to about 25%. It is thereby possible
to suppress the amount of discharged NOx while secur-
ing the torque at the time of a high load by homogeneous
stoichiometric combustion.

[0050] Althoughthe system ofthe presentembodiment
is configured to be capable of executing LPL-EGR
throughthe LPL-EGR passage 38 and HPL-EGR through
the HPL-EGR passage 42, it is difficult to attain an EGR
rate of around 25% with only one of the aforementioned
kinds of EGR. Figure 12 is a timing chart in a case in
which an EGR rate of 25% was attained with HPL-EGR.
In order to introduce a large amount of EGR gas when
performing HPL-EGR, it is necessary to provide the EGR
passage and the EGR valve with a large diameter, re-
spectively. Consequently, in the case of using this kind
of hardware configuration, when a deceleration request
is issued as shown in Figure 12, the response of the EGR
valve cannot keep pace with changes in the air amount,
and as a result the EGR rate exceeds the combustion
limit and misfiring occurs.

[0051] On the other hand, Figure 13 is a timing chart
in a case in which an EGR rate of 25% was attained with
LPL-EGR. When performing LPL-EGR also, in order to
introduce a large amount of EGR gas, similarly to the
case of HPL-EGR described above, it is necessary to
provide the EGR passage and the EGR valve with alarge
diameter, respectively. In addition, LPL-EGR has a char-
acteristicthat, in comparison to HPL-EGR, the introduced
amount of EGR gas does not easily change with respect
to the rotational load of the engine 10. Consequently, in
the case of using this kind of hardware configuration,
when a deceleration requestis issued as shown in Figure
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13, the response of the EGR valve cannot keep pace
with changes in the rotation speed, and as a result the
EGR rate exceeds the combustion limit and misfiring oc-
curs.

[0052] Therefore, according to the present embodi-
ment, a configuration is adopted that combines use of
LPL-EGR and HPL-EGR when realizing an EGR rate of
25% during homogeneous stoichiometric combustion.
More specifically, a configuration is adopted that realizes
an EGR rate of 15% with LPL-EGR and realizes the re-
maining 10% with HPL-EGR. Figure 14 is a timing chart
in the case of combining use of LPL-EGR with an EGR
rate of 15% and HPL-EGR with an EGR rate of 10%.
According to this configuration, as shown in Figure 14,
evenwhen a deceleration requestisissued, the combus-
tion limit is not exceeded and misfires can be avoided.
Note that, with respect to HPL-EGR, it is preferable to
adopt a configuration in which the pipe diameter and the
valve diameter are as small as possible within a range
in which an EGR rate of 10% can be realized. Since the
transient responsiveness of the HPL-EGR can be im-
proved thereby, it is possible to effectively suppress the
occurrence of misfires.

[0053] In this connection, although in the above de-
scribed embodiment a configuration is adopted in which
an EGR rate of 25% is realized during homogeneous
stoichiometric combustion, the EGR rate is not limited to
that rate. That is, it is sufficient to appropriately set the
optimum EGR rate based on the relation between the
turbulent burning velocity and the NOx discharge
amount. Further, the ratio between the LPL-EGR and the
HPL-EGR is not limited to the above described ratio, and
itis sufficientto appropriately set the optimum ratio based
on the relation with the hardware configuration within a
range that does not exceed the combustion limit.

Embodiment 3
[Features of Embodiment 3]

[0054] Next, Embodiment 3 of the present invention
will be described referring to Figure 15. Figure 15 is a
view that illustrates the configuration for the LPL-EGR in
detail. As shown in Figure 15, the LPL-EGR passage 38
has a protruding portion 38a that, at a connecting portion
with the exhaust passage 30, protrudes into the exhaust
passage 30. The protruding portion 38a has a shape in
which an end face thereof is cut diagonally so as to open
towards an upstream side of the exhaust passage 30,
that is, the turbine 22b side. Further, the LPL-EGR pas-
sage 38 has a protruding portion 38b that, ata connecting
portion with the intake passage 12, protrudes into the
intake passage 12. The protruding portion 38b has a
shape in which an end face thereof is cut diagonally so
as to open towards a downstream side of the intake pas-
sage 12, that is, the compressor 22a side. Note that the
LPL-EGR passage 38 is configured so that the protruding
portion 38b is at a more upward position in the vertical
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direction than the protruding portion 38a.

[0055] Further, accumulation portions 62 and 64 for
accumulating condensed water in the respective passag-
es are provided on a downstream side of the compressor
22a in the intake passage 12 and on a downstream side
of the LPL-EGR valve 40 in the LPL-EGR passage 38,
respectively.

[0056] According to this configuration, exhaust gas
that flows through the exhaust passage 30 is guided to
the LPL-EGR passage 38 by the protruding portion 38a.
It is thereby possible to facilitate the introduction of the
EGR gas. Further, since the EGR gas that flows through
the LPL-EGR passage 38 is introduced from the protrud-
ing portion 38b towards the downstream direction of the
intake passage 12, itis possible to facilitate the introduc-
tion of the EGR gas. In addition, since the protruding
portion 38a is positioned on a lower side in the vertical
direction relative to the protruding portion 38b, a situation
in which condensed water flows to the housing of the
compressor 22a can be effectively avoided.

[0057] According to the configuration illustrated in Fig-
ure 15, since condensed water inside the LPL-EGR pas-
sage 38 is accumulated in the accumulation portion 64,
a situation in which condensed water is introduced to the
housing of the compressor 22a can be effectively avoid-
ed. Further, as shown in Figure 15, because a discharge
port of the compressor 22a is provided on the vertically
lower side, condensed water is effectively accumulated
in the accumulation portion 62 without the condensed
water flowing backward towards the housing of the com-
pressor 22a from the intake passage 12 on the discharge
side. Itis thus possible to effectively protect the compres-
sor 22a from damage.

Description of Reference characters
[0058]

10: internal combustion engine (engine)
12: intake passage

22: turbo-supercharger

22a: compressor

22b turbine

30: exhaust passage

32: start catalyst (S/C)

38: LPL-EGR passage

38a, 38b: protruding portions
40: LPL-EGR valve

42: HPL-EGR passage

46: HPL-EGR valve

60: ECU (electronic control unit)
62, 64: accumulation portions

Claims

1. An exhaust circulation apparatus comprising:
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an internal combustion engine (10) which is a
spark ignition four-stroke reciprocating engine;
homogeneous lean combustion means for per-
forming homogeneous lean combustioninapre-
determined lean-burn region; stoichiometric
combustion means for performing stoichiomet-
ric combustion in which a combustion air-fuel
ratio of the internal combustion engine (10) is a
theoretical air-fuel ratio in a stoichiometric burn
regionthatis aregion on a high-load side relative
to the lean-burn region;

an EGR apparatus for performing EGR that re-
circulates a portion of gas that flows through an
exhaust system of the internal combustion en-
gine (10) to an intake system; and

control means (60) for controlling the EGR ap-
paratus based on an operating condition of the
internal combustion engine (10), wherein

the internal combustion engine (10) comprises
aturbo-supercharger (22) having aturbine (22b)
that is disposed in an exhaust passage (30) and
a compressor (22a) thatis disposed in an intake
passage (12);

the EGR apparatus includes a low-pressure
loop EGR apparatus that recirculates gas that
flows through the exhaust passage (30) on a
downstream side of the turbine (22b) to the in-
take passage (12) at a position on an upstream
side of the compressor (22a); and a high-pres-
sure loop EGR apparatus that recirculates gas
that flows through the exhaust passage (30) on
an upstream side of the turbine (22b) to the in-
take passage (12) ata position on a downstream
side of the compressor (22a);

when performing the homogeneous lean com-
bustion, the control means (60) controls the low-
pressure loop EGR apparatus to perform EGR
while not controlling the high-pressure loop EGR
apparatus; and when performing the stoichio-
metric combustion, the control means (60) con-
trols both of the high-pressure loop EGR appa-
ratus and the low-pressure loop EGR apparatus
to perform EGR.

The exhaust circulation apparatus for an internal
combustion engine (10) according to claim 1, where-
in

the EGR apparatus comprises means for adjusting
an EGR rate that represents a ratio of a gas amount
that is recirculated by EGR with respect to a total
gas amount thatis taken into the internal combustion
engine (10);

the homogeneous lean combustion means performs
homogeneous lean combustion so that an air-fuel
ratio that represents a ratio of a fresh gas amount
that is taken in with respect to an in-cylinder fuel
amount of the internal combustion engine (10) is 22;
and
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the control means (60) controls the EGR apparatus
so that the EGR rate during the homogeneous lean
combustion is between 10% and 20%.

The exhaust circulation apparatus for an internal
combustion engine (10) according to claim 1, where-
in

the EGR apparatus includes means for adjusting an
EGR rate that represents a ratio of a gas amount
that is recirculated by EGR with respect to a total
gas amount that is taken into the internal combustion
engine (10); and

when performing the stoichiometric combustion, the
control means (60) controls the low-pressure loop
EGR apparatus and the high-pressure loop EGR ap-
paratus so that an EGR rate generated by the low-
pressure loop EGR apparatus is 15% and an EGR
rate generated by the high-pressure loop EGR ap-
paratus is 10%.

Patentanspriiche

Eine Abgaszirkulationsvorrichtung, die aufweist:

einen Motor (10) mit interner Verbrennung, wel-
cher ein Funkenziindungs-Viertakt-Hubkolben-
Motor ist,

ein Mittel zur homogenen mageren Verbren-
nung zum Durchfiihren einer homogenen ma-
geren Verbrennung in einem vorab ermittelten
mageren Brand-Bereich, und ein Mittel zur st6-
chiometrischen Verbrennung zum Durchfiihren
einer stéchiometrischen Verbrennung, bei wel-
cher ein Verbrennungs-Luft-Kraftstoff-Verhalt-
nis des Motors (10) mit interner Verbrennung
ein theoretisches Luft-Kraftstoff-Verhaltnis ist,
in einem stochiometrischen Brand-Bereich, der
ein Bereich auf Seiten einer hohen Last relativ
zu dem mageren Brand-Bereich ist,

eine EGR-Vorrichtung zum Durchfiihren einer
EGR, die einen Anteil des Gases, das durch ein
Abgassystem des Motors (10) mit interner Ver-
brennung strémt, zu einem Ansaugsystem re-
zirkuliert, und

ein Steuerungsmittel (60) zum Steuern der
EGR-Vorrichtung auf der Basis eines Betriebs-
zustands des Motors (10) mit interner Verbren-
nung, wobei

der Motor (10) mit interner Verbrennung einen
Turbolader (22) aufweist, der eine Turbine
(22b), die in einer Abgasleitung (30) angeordnet
ist, und einen Kompressor (22a), der in einer
Ansaugleitung (12) angeordnet ist, aufweist,
die EGR-Vorrichtung eine Niederdruckschleife-
EGR-Vorrichtung, welche ein Gas, das durch
die Abgasleitung (30) an einer stromabwartigen
Seite der Turbine (22b) strémt, zu der Ansaug-
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leitung (12) an eine Position an einer stromauf-
wartigen Seite des Kompressors (22a) rezirku-
liert, und eine Hochdruckschleife-EGR-Vorrich-
tung, welche ein Gas, das durch die Abgaslei-
tung (30) an einer stromaufwartigen Seite der
Turbine (22b) stromt, zu der Ansaugleitung (12)
an eine Position an einer stromabwartigen Seite
des Kompressors (22a) rezirkuliert, beinhaltet,
dann, wenn die homogene magere Verbren-
nung durchgefiihrt wird, das Steuerungsmittel
(60) die Niederdruckschleife-EGR-Vorrichtung
zum Durchfiihren der EGR steuert, wahrend die
Hochdruckschleife-EGR-Vorrichtung nicht ge-
steuert wird, und dann, wenn die stoéchiometri-
sche Verbrennung durchgefiihrt wird, das Steu-
erungsmittel (60) sowohl die Hochdruckschlei-
fe-EGR-Vorrichtung als auch die Niederdruck-
schleife-EGR-Vorrichtung zum Durchfiihren der
EGR steuert.

2. Die Abgaszirkulationsvorrichtung fir einen Motor

(10) mitinterner Verbrennung gemafl dem Anspruch
1, wobei

die EGR-Vorrichtung ein Mittel zum Einstellen einer
EGR-Rate aufweist, welche ein Verhaltnis einer
Gasmenge, die durch die EGR rezirkuliert wird, in
Bezug zu einer Gesamtgasmenge, die in den Motor
(10) mit interner Verbrennung angesaugt wird, re-
prasentiert,

das Mittel zur homogenen mageren Verbrennung
die homogene magere Verbrennung durchfiihrt, so
dass ein Luft-Kraftstoff-Verhaltnis, das ein Verhalt-
nis einer Frischgasmenge, die angesaugt wird, in
Bezug zu einer Zylinder-inneren Kraftstoffmenge
des Motors (10) mit interner Verbrennung reprasen-
tiert, 22 ist, und

das Steuerungsmittel (60) die EGR-Vorrichtung
steuert, so dass die EGR-Rate wahrend der homo-
genen mageren Verbrennung zwischen 10% und
20% betragt.

Die Abgaszirkulationsvorrichtung fiir einen Motor
(10) mitinterner Verbrennung gemafl dem Anspruch
1, wobei

die EGR-Vorrichtung ein Mittel zum Einstellen einer
EGR-Rate beinhaltet, welche ein Verhéltnis einer
Gasmenge, die durch die EGR rezirkuliert wird, in
Bezug zu einer Gesamtgasmenge, die in den Motor
(10) mit interner Verbrennung angesaugt wird, re-
prasentiert, und

dann, wenn die stdchiometrische Verbrennung
durchgefiihrt wird, das Steuerungsmittel (60) die
Niederdruckschleife-EGR-Vorrichtung und die
Hochdruckschleife-EGR-Vorrichtung steuert, so
dass eine durch die Niederdruckschleife-EGR-Vor-
richtung erzeugte EGR-Rate 15% betragt, und dass
eine durch die Hochdruckschleife-EGR-Vorrichtung
erzeugte EGR-Rate 10% betragt.
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Revendications

1.

Appareil de circulation d’échappement comportant :

un moteur (10) a combustion interne qui est un
moteur alternatif a quatre temps a allumage par
étincelle ;

un moyen de combustion homogéne a mélange
pauvre servant a réaliser une combustion ho-
mogene a mélange pauvre dans une région pré-
déterminée de combustion & mélange pauvre ;
un moyen de combustion stoechiométrique ser-
vant a réaliser une combustion stoechiométri-
que dans laquelle un rapport air-carburant de
combustion du moteur (10) a combustion inter-
ne est un rapport air-carburant théorique dans
un région de combustion stoechiométrique qui
est une région située d'un c6té a forte charge
par rapport a larégion de combustion a mélange
pauvre ;

un appareil EGR destiné a réaliser une EGR
qui recycle une partie d’'un gaz s’écoulant a tra-
vers un systeme d’échappement du moteur (10)
a combustion interne vers un systéme
d’admission ; et

un moyen (60) de commande servant a com-
mander I'appareil d’EGR d’aprés une condition
de fonctionnement du moteur (10) a combustion
interne,

le moteur (10) a combustion interne comportant
un turbocompresseur (22) de suralimentation
doté d'une turbine (22b) qui est disposé dans
un passage (30) d’échappement et d’'un com-
presseur (22a) qui est disposé dans un passage
(12) d’admission ;

I'appareil ’EGR comprend un appareil ’EGR
avec boucle abasse pression quirecycle du gaz
s’écoulant a travers le passage (30) d’échappe-
ment sur un cbté aval de la turbine (22b) vers le
passage (12) d’admission dans une position si-
tuée sur un cété amont du compresseur (22a) ;
et un appareil ’EGR avec boucle a haute pres-
sion qui recycle du gaz s’écoulant a travers le
passage (30) d’échappement sur un co6té amont
de la turbine (22b) vers le passage (12) d’ad-
mission dans une position située sur un coté
aval du compresseur (22a) ;

lors de la réalisation de la combustion homoge-
ne a mélange pauvre, le moyen (60) de com-
mande commandant 'appareil ' EGR avec bou-
cle a basse pression de fagon a réaliser une
EGR tout en ne commandant pas l'appareil
d’EGR avec boucle a haute pression ; et lors de
la réalisation de la combustion stoechiométri-
que, le moyen (60) de commande commandant
a la fois I'appareil EGR avec boucle a haute
pression et I'appareil ’EGR avec boucle a bas-
se pression de fagon a réaliser une EGR.
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2.

Appareil de circulation d’échappement pour moteur
(10) a combustion interne selon la revendication 1,
I'appareil I’EGR comportant un moyen servant a ré-
gler un taux d’EGR qui représente un rapport d’'une
quantité de gaz qui estrecyclée par EGR par rapport
a une quantité totale de gaz qui est admise dans le
moteur (10) a combustion interne ;

le moyen de combustion homogéne a mélange pau-
vre réalisant une combustion homogéne a mélange
pauvre de telle fagon qu’un rapport air-carburant qui
représente un rapport d’'une quantité de gaz frais qui
est admise par rapport a une quantité de carburant
présente dans le cylindre du moteur (10) a combus-
tion interne est 22 ; et

le moyen (60) de commande commandant I'appareil
d’EGR de telle fagon que le taux d’EGR pendant la
combustion homogene a mélange pauvre se situe
entre 10% et 20%.

Appareil de circulation d’échappement pour moteur
(10) a combustion interne selon la revendication 1,
I'appareil d'EGR comprenant un moyen servant a
régleruntaux dEGR quireprésente unrapportd’une
quantité de gaz qui estrecyclée par EGR par rapport
a une quantité totale de gaz qui est admise dans le
moteur (10) a combustion interne ; et

lors de la réalisation de la combustion stoechiomé-
trique, le moyen (60) de commande commandant
I'appareil ’EGR avec boucle a basse pression et
I'appareil d’EGR avec boucle a haute pression de
telle fagon qu’'un taux d’'EGR généré par I'appareil
d’EGR avec boucle a basse pression soit de 15% et
qu’un taux d’EGR généré par I'appareil ’EGR avec
boucle a haute pression soit de 10%.
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